Previous studies have shown that immunosuppression in acute myeloid leukemia (AML) is associated with changes in the adaptive immune compartment. Such changes include the suppression of memory T-cell function^[@bib1]^ and the suppression of Th1 cytokine (TNFα, IL-2 and IFNγ)-producing cells.^[@bib2]^ A suppressed immune response in AML is associated with a worse patient outcome and increased risk of relapse,^[@bib3]^ as well as increased risk of infection impairing patient recovery.^[@bib4]^ The over-expression of the immunosuppressive ligand CD200 is also associated with an increased risk of relapse in AML (hazard ratio 1.7); an observation consistent with a hypothesis in which CD200 inhibits clearance of residual disease.^[@bib5],\ [@bib6]^ As memory T-cell responses are central for tumor immunosurveillance and contribute to prolonged molecular remission,^[@bib7]^ we carried out this study to establish how these responses were affected in AML patients over-expressing CD200 ([Supplemental Table S1](#sup1){ref-type="supplementary-material"}). We initially investigated whether CD200 expression on AML blasts influenced CD8^+^ T-cell cytotoxic potential and the frequency of TNFα-, IL-2- and IFNγ-producing CD4^+^/CD8^+^ memory T-cells ([Supplementary Materials and Methods](#sup1){ref-type="supplementary-material"} and [Supplemental Figure S1](#sup1){ref-type="supplementary-material"} for gating strategy). Using CD107a as a marker of cytotoxic function, AML cells were activated with PMA/ionomycin. We show that the frequency of CD107a^+^CD8^+^ memory T-cells was significantly reduced by ∼50% for CD200^hi^ patients when compared with CD200^lo^ AML, demonstrating that cytotoxic memory T-cell activity was compromised in CD200^hi^ patients ([Figure 1a](#fig1){ref-type="fig"}). Furthermore, the frequencies of TNFα-, IL-2- and IFNγ-producing CD4^+^ memory cells were also reduced by ∼50% for CD200^hi^ patients when compared with CD200^lo^ AML ([Figure 1b](#fig1){ref-type="fig"}), significantly so in the case of IL-2 and IFNγ. Interestingly, CD200^lo^ patients displayed a higher IFNγ response, not only with respect to CD200^hi^ patients but also in comparison to healthy donors, suggesting a role for this cytokine in AML, which is attenuated by CD200. No difference was observed for TNFα-, IL-2- and IFNγ-producing CD8^+^ memory cells between CD200^hi^, CD200^lo^ and healthy donors (data not shown). CD200 has also been reported to mediate suppression of the Th1 response in chronic lymphocytic leukemia as well as solid tumors,^[@bib8],\ [@bib9]^ suggesting that CD200-mediated Th1 suppression is a central mechanism in cancer immunomodulation.

The ability to simultaneously produce TNFα, IL-2 and IFNγ is an important indicator of 'T-cell quality\' in anti-tumor/viral responses.^[@bib10]^ We therefore simultaneously measured the production of all these cytokines in CD200^hi^ and CD200^lo^ patients after PMA/ionomycin stimulation ([Supplemental Figure S1](#sup1){ref-type="supplementary-material"}). A significant reduction (30%) in CD4^+^ memory T-cells capable of simultaneously producing TNFα, IL-2 and IFNγ was observed in CD200^hi^ compared with CD200^lo^ AML patients ([Figure 1c](#fig1){ref-type="fig"}). Although a similar reduction was observed within the CD8^+^ memory cells, the changes in this subpopulation were less consistent and were not statistically significant ([Supplemental Figure S2](#sup1){ref-type="supplementary-material"}). To assess if CD200 expression on AML blasts influences the memory Th1 response through an antigen-specific mechanism, we compared T-cell responses with common microbial recall antigens (PPP) by ELISPOT ([Supplementary Materials and Methods](#sup1){ref-type="supplementary-material"}).^[@bib11]^ We observed a significant 75% reduction in the frequency of IFNγ-secreting T-cells towards PPP in CD200^hi^ vs CD200^lo^ AML ([Figures 1d and e](#fig1){ref-type="fig"}). CD200 expression level did not influence the overall frequency of CD3^+^ lymphocytes ([Supplemental Figure S3](#sup1){ref-type="supplementary-material"}), demonstrating that the difference observed in these cohorts was due to T-cell inhibition in CD200^hi^ patients and not due to a decrease in overall T-cell frequency or increase in AML blasts. Thus, we show for the first time (in any context) that CD200 expression in AML is associated with the suppression of Th1 memory T-cell quality and function. Not only does this finding demonstrate that the memory T-cell response in CD200^hi^ patients is suppressed through an antigen-specific mechanism, but suggests that CD200 expression may exacerbate the susceptibility of leukemia patients to common microbial infections, which may impair patient recovery.^[@bib4]^ This notion is supported by a study from Snelgrove *et al.*, who demonstrated in a murine model that CD200 expression suppresses T-cell responses towards influenza.^[@bib12]^

To demonstrate that this immunosuppression was functionally driven by CD200, we asked whether blocking CD200 could also recover the AML Th1 memory T-cell response. [Figures 2a and b](#fig2){ref-type="fig"} show a significant recovery of memory T-cells secreting IFNγ for CD200^hi^ patients in an ELISPOT assay, raising the possibility that AML blast CD200 was directly interacting with memory T-cells via CD200R. Flow cytometric data confirmed CD200R expression on memory T-cells from AML patients ([Figure 2c](#fig2){ref-type="fig"}), supporting previous literature using healthy subjects.^[@bib13]^ To rule out the possibility of indirect suppression through antigen-presenting cells, we next carried out a refined assay in which a CD4^+^ T-cell clone (Belx2)^[@bib14]^ was co-cultured with K562 cells, which differed solely in their expression of CD200 ([Supplemental Figure S4](#sup1){ref-type="supplementary-material"}).^[@bib15]^ We showed a significantly impaired TNFα response in CD200^hi^ K562 cells compared with control co-cultures ([Figure 2d](#fig2){ref-type="fig"}). We also observed a significant suppression in IL-2 and IFNγ production with a loss of multi-functionality in terms of TNFα and IFNγ production in the presence of CD200^+^ cells ([Supplemental Figure S4](#sup1){ref-type="supplementary-material"}), though the frequency of Belx2 cells producing IFNγ and IL-2 was minimal compared with TNFα under these assay conditions. Adding anti-CD200 to the CD3/CD28-stimulated assay could significantly recover TNFα production in CD200^+^ co-cultures to the same level as CD200^−^ co-cultures ([Figure 2d](#fig2){ref-type="fig"}), thus demonstrating that blockade of CD200 alone is sufficient to recover memory T-cell activity. The data also show that the intensity of TNFα was decreased (though not significantly) in CD200^+^ cultures, which was fully recovered by the addition of anti-CD200 ([Figure 2e](#fig2){ref-type="fig"}). This finding indicates that CD200 can suppress both the magnitude and intensity of the memory Th1 response in AML and that blocking CD200 in this disease may be therapeutically advantageous.

Previously, we have shown that CD200 on AML cells directly impairs NK cell function.^[@bib15]^ However, CD200 expression may not always promote immunosuppression in every context. One study using a CD200^+^ mouse plasmacytomal model showed that CD200 had the capacity to decrease production of the suppressive cytokine IL-10 from tumor-associated myeloid cells resulting in an improved anti-tumor response.^[@bib16]^ Whether this mechanism exists in human AML remains to be elucidated. Taken together, the data presented here this suggests that at diagnosis, when the disease burden is high, the main mechanism of CD200 is to drive immunosuppression through direct interaction of CD200 on leukemia cells with CD200R on cells of the adaptive immune system. The situation may be different following reduction of tumor burden post-chemotherapy, where the influence of Treg cells may become a dominant factor in immunosuppression.^[@bib17]^

In conclusion, we show for the first time that CD4^+^ Th1 memory and memory cytotoxic responses are significantly compromised in CD200^hi^ AML patients, which may contribute to the increased risk of relapse and worse overall survival observed in these patients. Most importantly we demonstrate that CD200 on leukemia cells directly suppresses T-cell responses, supporting the use of CD200-blocking therapy for the treatment of AML.
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![Cytotoxic T-cell response and Th1 memory/recall response in CD200^hi^ and CD200^lo^ AML patients. AML patient cytotoxic and intracellular Th1 cytokine memory T-cell responses were measured by flow cytometry following PMA/ionomycin stimulation (for full methods and flow cytometric gating strategies see [Supplementary Materials and Methods](#sup1){ref-type="supplementary-material"} and [Supplemental Figure S1](#sup1){ref-type="supplementary-material"}). (**a**) Summary data illustrating a significant difference in CD107a^+^CD8^+^ memory T-cells between CD200^hi^ and CD200^lo^ AML patients. (**b**) The production of TNFα, IL-2 or IFNγ for CD200^hi^, CD200^lo^ and healthy donors for CD4^+^ memory T-cells. (**c**) Pie charts summarizing the proportion of CD4^+^ and CD8^+^ memory cells capable of producing one (1=TNFα, IL-2 or IFNγ), two (2=TNFα/Il-2, TNFα/IFNγ or IFNγ/IL-2) or three (3=TNFα/IL-2/IFNγ) cytokines simultaneously for CD200^hi^ or CD200^lo^ (refer to [Supplemental Figure S1](#sup1){ref-type="supplementary-material"} for Boolean analysis). The ability of T-cells from CD200^hi^ and CD200^lo^ AML patients to mount recall responses to common microbial antigens (PPP, [Supplementary Materials and Methods](#sup1){ref-type="supplementary-material"}) was assessed by IFNγ ELISPOT. (**d**) Representative ELISPOT wells for CD200^hi^ and CD200^lo^ patients. (**e**) Average spots per well for CD200^hi^ and CD200^lo^ patients. AML patient data represents mean±1 s.d., *n*=9 for CD200^hi^ and *n*=12 for CD200^lo^. ^†^*P*\<0.05, analyzed by one-tailed unpaired *t*-test; \**P*\<0.05, analyzed by one-way ANOVA with Tukey\'s multiple comparison test.](leu201277f1){#fig1}

![Assessment of monoclonal anti-CD200 in relieving the inhibition of Th1 responses in CD200^hi^ AML patients with direct assessment of CD200R engagement on CD4^+^ memory T-cells. (**a**) Representative ELISPOT wells show the effect of anti-CD200 (+) or isotype control antibody (−) on IFNγ release following PPP stimulation for CD200^hi^ and CD200^lo^ AML patients. (**b**) Summary data illustrating IFNγ release in response to PPP stimulation as measured by ELISPOT for CD200^hi/lo^ AML patients +/− anti-CD200. (**c**) Representative flow cytometric plots illustrate CD200R expression on both CD4^+^ and CD8^+^ memory T-cells for AML patients (filled histograms represent immunoglobulin isotype-matched control and open histograms represent CD200R expression). Data represents mean±1 s.d., *n*=7. \**P*\<0.05, analyzed by one-tailed paired *t*-test. (**d**) To directly assess CD200R engagement on CD4^+^ memory T-cells, the CD4^+^ memory T-cell clone; Belx2 were co-cultured with control or CD200^+^ K562 cells. The percentage of TNFα-producing Belx2 T-cell clones in co-culture assays in response to CD3/CD28 costimulation was measured by flow cytometry following intracellular staining. Summary data illustrates the frequency of TNFα-producing T-cells in CD200^+^ and CD200^-^ K562 co-cultures +/− anti-CD200. (**e**) Summary data illustrating MFI of the TNFα^+^ T-cell population in CD200^+^ and CD200^-^ K562 co-cultures +/− anti-CD200. Data represents mean±1 s.d., *n*=6. \**P*\<0.05, analyzed by one-tailed paired *t*-test.](leu201277f2){#fig2}
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